An experiment was conducted to investigate the effects of hydroalcoholic extract of Withania coagulans (WC) fruit and 1.25-dihydroxycholecalciferol (1.25-(OH) 2 D 3 ) on bone mineralization, mechanical and histological properties of male broiler chickens at 21 and 42 d of age. A total of six hundred male day-old Ross 308 broiler chickens were randomly distributed according to a completely randomized experimental design in a 2×3×2 factorial arrangement with 12 treatments of five replicates of 10 birds each. Treatments consisted of two basal diets (positive control with adequate Ca level and negative control with 30% less Ca), three levels of WC (0, 100, or 200 mg/kg diet), and two levels of 1.25-(OH) 2 D 3 (0 or 0.5 μg/kg diet). Birds were housed in floor pens. The diets were fed ad libitum from one to 42 days of age. On day 21 and 42, one bird per replicate was sacrificed and its tibiae were removed. Both Ca and P retention increased when dietary Ca level was reduced (p<0.001). The addition of 200 mg WC/kg to positive control diet increased Ca retention (p<0.01). Except for tibia diameter, no significant main effects of experimental treatments were observed on tibia physical characteristics or on bone mineralization. The diet with 30% Ca reduction decreased tibia diameter at 42 days of age (p<0.05). The dietary addition of 1.25-(OH) 2 D 3 increased tibia fracture energy, width of tibia mineralized zone, and serum Ca at 42 days of age (p<0.05). At 21 days of age, supplementation of 100 mg WC/kg increased cortical thickness (p<0.05). At 42 days of age, supplementation of 100 mg WC/kg increased tibia shear force (p<0.05) and fracture energy (p<0.01). The results of this experiment showed that supplementation of 100 mg/kg hydroalcoholic extract of WC fruit increased tibia cortical thickness, shear force, and fracture energy.
cholecalciferol derivatives improves bone mechanical properties of broilers, such as shear force and shear fracture energy in conventional diets with low cholecalciferol (Noff et al., 1982; Atencio et al., 2005) . It is well known that the administration of estradiol hormones mediate renal 25-hydroxyvitamin D 3 1α-hydroxylase (VD 3 1α hydroxylase) (E.C.1.14.13.13), the enzyme responsible for the metabolic conversion of 25-OH-D 3 into 1α,25-(OH) 2 D 3 (Soares, 1984; Reddy & Tsering, 1989) .
There are 23 known species of Withania (Solanaceae plants) and among these only two, Withania somnifera (WS) and Withania coagulans (WC), are economically important and widely cultivated (Panwar & Tarafdar, 2006) . Withania coagulans L. Dunal is a small evergreen shrub that has been shown to possess several medicinal properties as a remedy for dyspepsia, flatulent colic, and other intestinal diseases (AbouZid et al., 2010) . These effects are attributed to a group of steroidal lactones called withanolides, comprising a group of C-22 and C-26 patterns (Dewir et al., 2010) . Previous chemical investigations of this plant identified several withanolides in WC fruits (Atta-ur-Rahman et al., 2003; Prasad et al., 2010) . Tahmasbi et al (2012) reported that the dietary supplementation of 130 mg/ kg of an alcoholic extract of the root of WS increased Ca and P retention in the tibiae of aged laying hens. They hypothesized that mechanism of these changes is driven by estrogen-like withanolides that may be stimulate the activity of renal 25-hydroxyvitamin D 3 1α-hydroxylase, increasing the production of 1.25-(OH) 2 D 3 . Also, Nagareddy & Lakshmana (2006) suggested a possible effect of WS on Ca and P metabolism. Because of the involvement of 1.25-(OH) 2 D 3 in bone mineralization and the possible effect of withanolides on Ca and P metabolism, it was therefore of interest to investigate the comparative and cumulative effects of 1.25-(OH) 2 D 3 and a hydroalcoholic extract of the WC fruit added to diets with low and adequate Ca levels on bone mineralization and bone mechanical and histological characteristics of male broilers.
MATeRIAl And MeThodS

Production of Withania coagulans fruit extract
Dried WC fruits were purchased from the local market in Saravan, Sistan, and Baluchestan, Iran, and authenticated at the Herbarium of Botany Directorate in Ferdowsi University of Mashhad Iran. The fruits were coarsely ground and soaked in 50% ethanol with occasional shaking at room temperature. After three days, the ethanol soluble materials were filtered and concentrated using a rotary evaporator (Laborota 4000, Heidolph, Germany), and then freeze-dried for 24 h to produce a powder. The dried powder was stored at -20 o C until use in the experiment.
Birds, husbandry and treatments
Six hundred day-old male Ross 308 broiler chickens were purchased from a commercial hatchery, and randomly allocated to 12 experimental treatments with five replicates (10 birds per replicate). The experiment was conducted as a 2×3×2 factorial arrangement with two basal diets (negative and positive controls), three WC levels (0, 100, or 200 mg/kg diet), and two levels of 1.25-(OH) 2 D 3 (0 or 0.5 mg/kg diet).
The 1.25-(OH) 2 D 3 (Sigma Aldrich, St. Louis, MO, USA) was used in liquid form with corn oil as a carrier (10 mg/mL). Both control diets (Table 1) were based on corn and soybean meal and were formulated to meet the requirements suggested by the Ross 308 manual (Ross, 2007) for all nutrients, except for Ca, which was reduced by 30% (obtained by reducing limestone inclusion and adding fine sand) in the negative control diet. All birds had free access to feed and water throughout 42-day experimental period. All procedures were approved by the Ferdowsi University of Mashhad Animal Care Committee.
General procedures
Feed intake (FI) and body weight gain (BWG) were recorded at 11, 24 and 42 days of age to assess growth performance. At 15 days of age, birds were fasted for 16 h, and experimental diets containing 0.3% chromium oxide were fed to measure mineral retention (ash, Ca and P). After 24 h of adaptation, the excreta from each pen was collected for 72 h to determine ash, Ca, and P retention. Feed and excreta samples were oven-dried at 105°C for 24 h.
At 21 and 42 days of age, one bird was removed from each pen and blood samples were taken from the brachial vein. The serum was separated by centrifugation at 1500 × g for 15 minutes, and stored at -20°C until Ca, P, and alkaline phosphatase (ALP) analyses.
After the birds were sacrificed by cervical dislocation (21 and 42 day), both tibiae were dissected from the carcass and the adherent tissues were removed. The left tibia was stored at -20°C for subsequent measurement of mechanical properties and mineral content. The proximal epiphysis and mid-diaphysis of right tibia were cut to collect 0.5-cm thickness samples. Both longitudinal epiphyseal and latitudinal diaphyseal samples were fixed in 10% phosphate buffer formalin for 12 h at 4°C, decalcified in 10% formic acid, embedded in paraffin, and 5 mm sections were prepared using a microtome. The sections were stained with hematoxylin and eosin (HE).
The width of growth plate zones (proliferative zone, hypertrophic zone, and mineralized zone) and cortical thickness were measured using an optical microscope (Olympus BX41TF, Tokyo, Japan), photographed with a digital camera system (Olympus DP12 U-TV0.5 XC-2, Japan), and the images were analyzed using Soft Imaging System (Olysia Soft Imaging System, Germany).
The 3-point bending test was used to determine the mechanical properties of the left tibia. The frozen left tibia was thawed at room temperature for 4 h, ovendried at 105°C for 24 h, and defatted with diethyl ether for 48 h. Bone length and diameter at the center of diaphysis were measured using digital calipers. The mechanical properties were determined using an Instron Universal Testing Machine (Model H5KS, Tinius Olsen Company). The bones were held in identical positions. The distance between the two supporting ends was 5 cm and the 10 mm diameter crosshead probe (50 kg) approached the bone at 5 mm/min until fracture occurred. During the experiment care was taken to ensure that the impact of crosshead was at the midpoint. Using the software (Q Mat), mechanical parameters such as shear force, shear fracture energy, maximal deflection before fracture, and stiffness were calculated. Broken tibia samples were collected, dried over night at 105 °C in an oven, and ashed at 600 °C for 16 h for mineral content measurement.
Chemical analysis
The concentrations of Ca, inorganic P and ALP in the serum samples were determined using an automatic blood chemical analyzer (Random Access Analyser A15, Biosystem Corp, Spain). The concentrations of Ca and total P in the diets, excreta, and bones were determined by atomic absorption spectrophotometry (Varian SpectrAA 50B Atomic Absorption Spectrometer, Varian Ltd, USA) (AOAC, 2005 method 927.02) and total P was colorimetrically measured using the Williams et al. (1962) using an atomic absorption spectrophotometry (Varian SpectrAA 50B Atomic Absorption Spectrometer, Varian Ltd, USA).
Statistical analysis
This experiment was conducted according to a completely randomized design with 2×3×2 factorial arrangement, totaling 12 treatments. All experimental data were subjected to analysis of variance using the GLM procedure of SAS (SAS Institute, 2003) . Significant differences among the means were determined by Duncan's multiple-range test at p<0.05.
ReSulTS And dISCuSSIon
Live performance and mineral retention
No effects (p>0.05) were observed on growth performance or ash retention ( Mirakzehi et al. (2013) , who reported that Ca and P retention increased when dietary Ca decreased to 70% of the recommended concentration. Previous published research revealed that birds fed low-Ca diets presented greater Ca retention compared with those offered adequate Ca level (Mitchell & Edwards, 1996; Plumstead et al., 2008) . It was shown that phytate P utilization in corn-soybean diets is influenced by dietary Ca and P levels (Scheideler & Sell, 1987) . Earlier research also reported higher phytate P utilization in laying hens fed low dietary Ca level (Van der Klis et al., 1994) . A two-way interaction among controls and WC was detected on Ca retention. This interaction clearly showed that supplementation of WC at level of 100 mg/kg improved dietary Ca retention in broilers fed the negative control diet compared with those fed the positive control diet (84.67% vs. 71.03%; p<0.01). These observations confirm the previous report of Mirakzehi et al. (2013) , who found greater Ca retention at a supplementary WS level of 150 mg/kg in broilers fed a negative control diet.
Bone physical characteristics and mineralization
At 21 days of age, the experimental treatments did not affect tibial physical characteristics (weight, length, or diameter; Table 3 ). Also, no effects were observed on tibia mineralization (p>0.05). The nonsignificant effects of the negative control diet on bone mineralization suggest that the lowest amount of calcium fed in this experiment (70% of Ca requirement) was not low enough to cause any negative effect on bone mineral retention. In the other words, broilers are able to adapt to moderate Ca deficiencies by increasing absorption rates and utilization efficiency and reducing the excretion of the restricted nutrients (Yan et al., 2005) .
In the present experiment, the non-significant differences in tibial mineral retention between the negative and the positive control groups are consistent with the mineral retention results. This may be probably due to the higher Ca and P retention observed with the negative control compared with the positive control diet.
At 42 days of age, birds fed the positive control diet had higher tibia diameter compared with those fed the negative control diet (p<0.05; Table 4 ). Rousseau et al. (2012) reported that broilers fed the adequate dietary Ca presented normal tibia diameter, and emphasized the need for a balanced and adequate supply of Ca and P to optimize certain bone parameters. However, when Ca was decreased by 30%, a greater increase in Ca and P retention was observed in broilers fed the negative control diets. Considering that poultry cope with Ca and P deficiencies through an active regulatory phenomenon that leads to increased mineral utilization efficiency, bone criteria cannot be optimized if the mineral supply is not well balanced (Rousseau et al., 2012) . Also, a three-way interaction of control, WC and 1.25-(OH) 2 D 3 treatments was observed on tibia bone diameter (p<0.05). The maximum bone diameter was detected in birds fed the positive control diet supplemented with 0.5 mg/kg 1.25-(OH) 2 D 3 . The interaction showed that birds fed the low Ca diet with no WC and supplemented with 0.5 mg/kg 1.25-(OH) 2 D 3 had the lowest tibia diameter compared to those fed the positive control diet with both supplements (7.54 vs. 8.65 mm; p<0.05). Also, the interaction suggests that the supplementation of 100 mg/kg WC to the positive control diet containing 0.5 mg/kg 1.25-(OH) 2 D 3 decreased tibia bone diameter (7.49 vs. 8.65 mm; p<0.05).
Bone histology
The results indicated that birds supplied with 100 mg/kg of WC had a higher bone cortical thickness in comparison with those fed 0 and 200 mg/kg WC at 21 days of age (p<0.05; 
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diets increased (p<0.05). Although there is no direct evidence to explain the precise mechanism by which the tibial cortical thickness increased in broilers consuming 100 mg/kg WC, it can be speculated that the positive effect of withanolides on endocrine systems (Mishra et al., 2000) may have improved collagen stabilization on diaphysis regions and consequently cortical thickness increased. It has been demonstrated that collagen stability against collagenase could be enhanced through various plant secondary metabolites, such as flavonoids, withanolides, and tannins containing steroidal lactone unit. Withanolides and flavonoids were found to be the preferred chelator for the preparation of collagen inhibitors (Krishnamoorthy et al., 2011) . The results of the present study are consistent with the report of Mirakzehi et al. (2013) , who found that dietary supplementation of 1.25-(OH) 2 D 3 improved mineralized zone width. An in-vitro study reported that 1.25-(OH) 2 D 3 regulates c-myc protein level (Minghetti & Norman, 1988) . Dietary supplementation of 1.25-(OH) 2 D 3 , 3 days prior to killing the chickens increased the level of the c-myc protein in growth plate compared with that of the birds fed the non-supplemented diet (Loveridge et al., 1993) . It has previously been demonstrated that c-myc protein is a potent inducer of apoptosis (Farquharson & Jefferies, 2000) to form the matrix vesicles that mediate the mineralization of the growth plate matrix. Means within each column with no common superscript differ significantly (p<0.05).
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Bone biomechanical properties
At 21 days of age, only the control diets affected fracture deflection (p<0.01), as shown in Table 6 . Tibia fracture deflection was reduced in birds that received low dietary Ca. At 42 days of age, the main effects of the control diets and WC on tibia shear force were significant (p<0.05). Feeding diets containing low dietary Ca level resulted in the reduction of tibia shear force compared with the positive control diet.
These results are consistent with those of O'ConnorDennie & Southern (2005), who demonstrated that Ca-deficient diets, containing 8 g/kg Ca, resulted in poor bone strength in broilers. The poor bone strength seen in the birds fed low dietary Ca in the present 
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study may be attributed to the small bone diameter (Schwartz & Biewener, 1992) observed in these birds. The supplementation of WC at 100 mg/kg of diet significantly increased the shear force compared with 0 and 200 mg/kg.
In spite of the significant effects of type of control diet and dietary level of WC on shear force, no significant effect of the dietary supplementation of 100 mg/kg WC or of the positive control diets was found on bone ash. Wilson (1991) demonstrated that shear force increases with increasing bone ash content. He also showed that 58.7% of the variation in shear force can be attributed to body weight and ash content. Bonser & Casinos (2003) concluded that ash content may be an efficient predictor of differences in the mechanical competence in between-bone comparisons. On the other hand, Onyango et al. (2003) reported that shear force did not increase linearly or quadratically when dietary Ca and P were increased. Noff et al. (1982) also observed similar improvements in bone mechanical properties in broilers fed diets containing vitamin D metabolites, but these results were not reflected on bone ash content. They hypothesized that bone ash values are the average for the whole bone and do not actually represent the mid shaft region, the component loaded in bending. At 42 days of age, the effects of dietary WC supplementation on fracture deflection only approached significance (p=0.053). Also, a twoway interaction between the control and the WC treatments was observed for shear force at that age. The maximum value was recorded in the broilers fed the positive control diet supplemented with 100 mg/ kg WC. However, the birds fed the negative control diet supplemented with 200 mg/kg WC showed the lowest shear force value. Regardless of dietary level of 1.25-(OH) 2 D 3 , the two-way interaction showed that the effects of the dietary supplementation of WC on shear force were more pronounced when added the positive control diet at the level of 100 compared with 200 mg/kg (271 vs. 200 N; p<0.05) .
The main effects of the control, WC and 1.25-(OH) 2 D 3 treatments on fracture energy were significant (p<0.01). The results clearly indicated that birds fed the diet with adequate Ca or the diet containing 1.25-(OH) 2 D 3 presented higher tibia fracture energy (p<0.01). Also, the maximum value of tibia fracture energy was observed with the supplementation of 100 mg/kg WC (p=0.001). Frost & Roland (1991) reported that supplementing the diet with 0.5 or 1 mg/kg 1.25-(OH) 2 D 3 significantly and linearly increased tibia bone density and breaking strength in 75-week-old hens. On the other hand, Rennie et al. (1997) observed no significant difference in the bone strength of hens fed 5mg/kg 1.25-(OH) 2 D 3 . The beneficial effects of 1.25-(OH) 2 D 3 on tibia fracture energy are reflected in bone histological findings, as evidenced by increased bone mineralized zone width. Liu et al. (2003) concluded that bone strength is related with its material (minerals) and structural properties (matrix chemistry).
The structural properties of bones depend in part on bone geometry (Zernicke et al., 1995) . The current study indicated that the bone mineral content of birds fed the two control diets and different WC levels presented no significant differences, suggesting that the deleterious effects of the negative control diets and the positive effect of 100 mg/kg WC are mainly related to structural properties of the tibia. Further, geometrical and histological observations demonstrated that cortical thickness were markedly improved in 21-d-old birds fed 100 mg/kg WC and tibia diameter was reduced those fed the negative control diets. These results are in agreement with those of Fleming et al. (1994) , who observed that bone strength increased with increasing cortical thickness. Whitania coagulans is known to contain estrogen-like withanolides (Atta-ur-Rahman et al., 2003; Prasad et al., 2010) . As previously mentioned, plant secondary metabolites had beneficial effects on bone strength as a result of the prevention of connective tissue breakdown (Rasool & Varalakshmi, 2007) . There were no differences in tibia stiffness among treatments as measured at 21 and 42 days of age. Data showed that WC dietary supplementation had no effect on the mineral matrix. Rath et al. (1999) reported that tibia stiffness is closely related with the mineral matrix.
Serum Ca, P and alkaline phosphatase levels
As shown in Table 7 , serum P concentration increased in response a 30% reduction in dietary Ca at 21 days of age, whereas an opposite result was observed at 42 days of age when the two control diets were compared (p<0.05). Dietary treatments did not affect ALP activity at none of the ages evaluated (p>0.05). Our study confirms the findings of Mirakzehi et al. (2013) , who reported that 1.25-(OH) 2 D 3 increased serum P concentration in birds fed a diet with 30% less Ca. The significantly higher serum P concentration in the birds fed the negative control diet might have been related to elevated levels of P retention in this group. At 42 days of age, birds fed 0.5 mg/kg 1.25-(OH) 2 D 3 had higher concentration of serum Ca than those fed the diet with no supplementation of 1.25-(OH) 2 D 3 (10.2 vs. 8.65 mg/dL) (p<0.01). Tanaka et al. (1973) indicated that 1.25-(OH) 2 D 3 increases gut absorption of calcium and phosphorus. Some studies reported no differences in serum Ca concentrations in broilers fed 5 or 10mg/kg 1.25-(OH) 2 D 3 (Edwards, 1993; Roberson & Edwards, 1994) . However, a linear increase in plasma Ca was also noted in birds fed 5mg/kg 1.25-(OH) 2 D 3 (Mitchell et al., 1997) . It seems that the effects of 1.25-(OH) 2 D 3 supplementation on serum Ca resulted in a larger mineralized zone width at 42 days of age. The effects of WC on serum P concentration was only approached significance (p=0.053) at 42 days of age. At 21 days of age, a two-way interactions between 1.25-(OH) 2 D 3 and control or WC on serum Ca and P was observed (p<0.05). Serum Ca concentration was higher in birds fed the positive compared with the negative control diet with no supplementation of 1.25-(OH) 2 D 3 (10.2 vs. 8.19 mg/dL) (p<0.05). Regardless the dietary Ca concentration, the birds given 200 mg/kg WC and 0.5 mg/kg 1.25-(OH) 2 D 3 had higher serum P concentration compared with those receiving only 0.5 mg/kg 1.25-(OH) 2 D 3 (7.04 vs. 4.86 mg/dL; p<0.05).
The current experiment demonstrated that Ca and P retention are significantly modified by the level of dietary Ca. The negative control diets resulted in poor bone strength, whereas the supplementation of 100 mg/kg WC improved bone mechanical properties. Our results suggest that the deleterious effects of the negative control diets and positive effect of WC on bone strength are mainly related to the structural properties of the tibia. In addition, the geometrical and 
